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A wavelength-selective variable-reflection filter is proposed, in which a guided resonance in a
photonic crystal PC slab is controlled by microelectronic mechanical actuators. A narrow
wavelength response is generated by the guided resonance of PC slab, and the variable optical
response at the wavelength is caused by evanescent-wave coupling to a substrate. The coupling is
controlled by microelectromechanical actuators. The proposed filter has been fabricated by silicon
micromachining and the mechanism has been confirmed. © 2007 American Institute of Physics.
DOI: 10.1063/1.2431452
Lately, photonic crystal PC slabs have been drawing
considerable attention because of the promise of light con-
finement in small area of integrated optical circuits. In a
conventional PC waveguide, a light wave is confined in an
in-plane guided-mode without any coupling to external
radiations.1,2 On the other hand, a PC slab can also interact
with external radiations through a guided resonance GR in
the structure.3–9 Similar to the guided mode, light power is
strongly confined within the slab by the GR. The GRs of the
PC slabs have recently been studied theoretically3 and inves-
tigated for the application to light sources4,5 and filters.6–9 In
order to introduce variable function to the GR in PC slabs,
Suh et al. studied two PC slabs facing each other analytically
for a wavelength-tunable PC filter.10 The tuning is assumed
to be performed by changing the gap with a microelectrome-
chanical actuator. Microelectromechanical systems
MEMSs are the promising mechanisms for introducing
variable functions into PC devices. Although several devices
with variable structures of PC slabs combined with MEMS
were considered, there have been very few reports on the
experimental studies because of the difficulty in the fabrica-
tion of hybrid structures.11,12
In this letter, we propose a GR optical filter, which can
control reflectivity based on the evanescent coupling under
the GR of PC slab. At a wavelength of GR, the gap between
the PC slab and a substrate is controlled by MEMS actuators.
The proposed GR filter has been fabricated by silicon
micromachining.
Figure 1 shows a cross section diagram of the proposed
GR filter design. The filter mainly consists of a PC slab
movable along the direction vertical to the slab, a gap, and an
antireflection AR layer formed on a substrate. The movable
PC slab is connected with MEMS actuators to move it to
out-of-plane directions in parallel. The AR layer is formed to
suppress sideband reflections around a resonant wavelength.
Incident light is irradiated in the direction normal to PC slab,
as shown in Fig. 1.
Electrical field distributions calculated by rigorous
coupled-wave analysis13 RCWA at the gaps of 600 and
0 nm are represented in Figs. 2a and 2b, respectively.
RCWA yields accurate results using Maxwell’s equations in
the frequency domain. A single-crystalline-silicon PC slab
has a one-dimensional doubly periodic structure with a pe-
riod of 550 nm and groove widths of 100 nm. The PC slab
and Si3N4 AR layer on a single-crystalline-silicon substrate
are 269 nm and 179.7 nm thicknesses, respectively. The in-
dices of Si and Si3N4 layers used for the calculations are 3.48
and 2.0, respectively, at the resonant wavelength of
1551.9 nm. The thickness of the Si3N4 layer is designed to
be the lowest reflectivity in consideration of the presence of
the PC slab at the 0 nm gap and the resonant wavelength.
TE-polarized light is irradiated to the PC slab. TE-
polarization refers to the state in which the electric field of
the plane wave is parallel to the grating grooves. When the
gap is 600 nm wide, as shown in Fig. 2a, at the resonant
wavelength, the normal incident light is reflected back at the
reflectance of about 100% because of the GR, in which the
incident light is strongly coupled with a periodic structure
and confined in the PC slab layer. As the PC slab moves
downward and the gap becomes narrow, some percentage of
evanescent wave is converted to a transmission wave and
coupling efficiency of the GR is decreased. At the gap of
0 nm, as shown in Fig. 2b, there is no longer any GR
behavior, and nearly 100% transmittance can be obtained
because both of the effective refractive indices and thick-
nesses of the silicon PC slab and Si3N4 AR layer satisfy the
AR condition at the resonant wavelength. Numerical study of
the filter design was also carried out using RCWA.
Figure 2c shows the calculated reflectivity of the proposed
GR filter as functions of the incident wavelength and the gap.
A single-crystalline-silicon PC slab has a crossed grating
with 84.7-nm-square rectangular holes. The period of the
grating is 564.5 nm. The PC slab and Si3N4 AR layer on a
single-crystalline-silicon substrate are 225 nm and 194.1 nm
thicknesses, respectively. The dispersions of the materials are
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FIG. 1. Color online Cross section diagram of the proposed GR filter
design.
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included in RCWA.14 The dimensions of the PC slab and AR
filter are designed to satisfy an AR condition at a resonant
wavelength of around 1550 nm. When the gap becomes nar-
rower than approximately 400 nm, the evanescent wave ex-
isting around the PC slab gradually changes into the trans-
mission wave by coupling with the substrate, and the
reflectivity at the resonant wavelength gradually decreases.
At a wavelength of 1550.77 nm, the reflectivity larger than
99.9% at the gap wider than 670 nm decreases to 0.05% at
the gap of 122 nm. At the gap of 1000 nm, the spectral band-
width at full width at half maximum is 0.38 nm. In the
wavelength-division multiplexing system for fiber-optic tele-
communication, multiple wavelength signals with a equal in-
terval are used for the respective telecommunication. There-
fore, it is important to extract one signal at a wavelength
without affecting the signals at different wavelengths. In the
proposed filter, the reflectivity at nonresonant wavelengths is
low and the light is transmitted without affecting by the
change in the gap. Therefore, increasing the gap between the
PC slab and the substrate from zero, one wavelength can be
selected and reflected at a high reflectance without influenc-
ing the other wavelengths. An array of the filters with each
different resonant wavelength is prospective candidate for a
variable optical attenuator and optical add/drop multiplexer.
In the fabrication, a silicon-on-insulator wafer with a
260-nm-thick top silicon layer, 2-m-thick buried oxide
layer, and 640-m-thick silicon substrate was used. A 200-
nm-thick NiCr layer was deposited using a sputtering ma-
chine, followed by patterning of the wiring and electrodes
using electron beam EB lithography and wet etching of the
NiCr. Next, the PC slab, torsion bars, and actuators were
patterned by the EB lithography and silicon was etched by
fast atom beam of SF6. Air gap was fabricated by vaporized
HF etching of the SiO2 layer. Finally, the residual resist was
removed using O2 plasma. For simplicity, the AR layer is not
coated on the silicon substrate in this fabrication.
A scanning electron microscope SEM image of the fab-
ricated GR filter is shown in Fig. 3. Four bimorph actuators
driven by thermal energy are connected with a NiCr electric
wiring. They are located symmetrically around a
260-nm-thick single-crystalline-silicon PC slab periphery
FIG. 2. Color online Electrical field
distributions calculated by RCWA at
the gaps of a 600 nm and b 0 nm.
A single-crystalline-silicon PC slab
has a one-dimensional doubly periodic
structure with a period of 550 nm and
widths of a=200 nm, b=100 nm, c
=150 nm, and d=100 nm. TE-
polarized light at the resonant wave-
length of 1551.9 nm is irradiated to
the PC slab. c Calculated reflectivity
of the proposed GR filter as functions
of the incident wavelength and the
gap. A single-crystalline-silicon PC
slab has a crossed grating with
564.5 nm period and 84.7 nm square
rectangular holes.
FIG. 3. SEM image of the fabricated GR filter. The inset shows the magni-
fied view of the fabricated PC slab.
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and sustain the PC slab with the size of 80-m-square in
order to move it to out-of-plane directions in parallel. For the
actuators, NiCr is deposited on the single crystalline silicon
and it functions as a heater by flowing current into the NiCr
wiring, which is wired outside of the PC slab to avoid a
deformation of the PC slab. The current is applied to the
wiring through two electrodes. The air gap between the PC
slab and silicon substrate decreases with deflecting the actua-
tors downward by heating. To keep the PC slab surface flat,
torsion bars are utilized to release torsional stress generated
by deflection of the actuators. A magnified view of the fab-
ricated PC slab is also shown in Fig. 3. A 900 nm period
crossed grating with 390 nm square rectangular holes is
fabricated.
Reflectivities of the fabricated GR filter as a function of
the PC slab displacement around the gap wider than 5 m
are measured, as shown in Fig. 4a. Laser lights at the reso-
nant and nonresonant wavelengths of 1545 and 1500 nm,
respectively, impinge on the PC slab. At the wavelength of
1500 nm, the reflectivity oscillates as a function of the dis-
placement due to the interference between the light beams
reflected by the two interfaces at the PC slab and the sub-
strate. At the wavelength of 1545 nm, on the other hand, the
reflectivity does not oscillate with the increase of the dis-
placement. This fact confirms that the light is reflected by the
GR of PC slab and does not pass to the substrate. The inset in
Fig. 4a shows a measured reflectivity of the fabricated GR
filter at the gap wider than 5 m as a function of incident
wavelength. The peak reflectivity of 65% is obtained at the
resonant wavelength of 1545 nm. Because of scattering loss
caused by the surface roughness, the reflectivity decreases
from 100% predicted in theory. The sideband spectrum is not
suppressed sufficiently because there is no AR layer on the
substrate in this experiment. By using a Si3N4 deposited sili-
con substrate, the sideband spectrum can be suppressed, as
shown in the calculation result in Fig. 2c. Reflectivity of
the fabricated GR filter as a function of the displacement of
the PC slab at the gap from 0 to 3 m is depicted in
Fig. 4b. Laser light at the resonant wavelength of 1545 nm
impinges on the PC slab. The reflectivity calculated by
RCWA is shown by the dashed line in Fig. 4b. When the
gap becomes narrower than approximately 500 nm, the mea-
sured reflectivity decreases due to an escape of the evanes-
cent wave to the substrate, which is well explained by the
numerical calculation. The value of the gap in Fig. 4b is
obtained from the interference signal at nonresonant wave-
length. The decrease of the reflectivity is clearly observed at
the gaps narrower than 400 nm.
In conclusion, using GR based on evanescent coupling
in a movable PC slab, a wavelength-selective variable-
reflection filter has been proposed. From the numerical cal-
culation, reflectivity can be controlled in the range from
nearly 0% to 100% at the resonant wavelength. The proposed
filter has been fabricated by silicon micromachining. It has
been confirmed that the GR is generated by the self-
suspended PC slab, and the reflectivity at the resonance
wavelength is controlled by the change of the gap between
the PC slab and the substrate with MEMS actuators.
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FIG. 4. Color online Reflectivities of the fabricated GR filter as a function
of the PC slab displacement a around the gap wider than 5 m and b at
the gap from 0 to 3 m. An incident wavelength is defined as . The inset
in a shows a measured reflectivity of the fabricated GR filter at the gap
wider than 5 m as a function of incident wavelength. In b, laser light at
the resonant wavelength of 1545 nm impinges on the PC slab.
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